Here we report radiation-induced formation of Ce(III) nanostructures in an in situ liquid cell for the transmission electron microscope (TEM). Small (<5 nm) irregular Ce(OH) 3 nanoparticles were identified as the final products from cerium (III) These results extend the range of chemical conditions that can be induced by radiolysis to form oxidized nanostructures from solution.
Introduction
It is well known that the growth of nanoparticles can be advantageously initiated by the action of ionizing radiation on solutions of metal salts, i.e. by radiolysis. [3] [4] [5] [6] The energy that is deposited by gamma rays, X-rays, or electron beams generates reactants mainly from the solvent molecules, the most reactive of which (e aq À and OHc for the case of water) will mostly interact within or near the irradiated area, 7 allowing the location of nucleation and growth to be precisely controlled. In aqueous solutions, the primary reactants are e aq À , H 3 O + , Hc, OHc, H 2 , H 2 O 2 and HO 2 , and for the case of pure water, the predominant formation of H 3 O + over OH À upon irradiation leads to an overall steady state decrease in the local pH. 8, 9 While exceptional cases of metal oxide nanoparticle growth 6,10-12 and metal-organic frameworks (MOFs) growth 13 exist, the majority of nanoparticles formed by radiolysis are zero valent metals arising from the reduction of metal ions in solution by the aqueous electrons.
The development of in situ liquid stages [14] [15] [16] [17] for (scanning) transmission electron microscopes (S)TEM has enabled nanoparticle nucleation to be studied with immediate quantitative imaging of the nal products. [18] [19] [20] This in situ (S)TEM approach exploits the chemical reactivity of the radiolytic species formed by the interaction of high-energy imaging electrons with the precursor-containing solution (radiation chemistry), and can avoid large excesses of chemical reagents.
We have an ongoing interest at our laboratory in cerium oxide nanoparticles, 21, 22 which are actually a mixture of Ce(III) and Ce(IV). Recently, we examined the radiolysis of Ce(III) nitrate solutions by in situ TEM. Because zerovalent cerium is not stable in aqueous solution, we anticipated that cerium oxy or hydroxy species would form. We were surprised to discover that Ce(OH) 3 nanoparticles formed, even though this solid is unstable 1, 2, 23 at the initial pH, 5.2, of the starting solutions.
Nanostructures of cerium and oxygen are of interest in a number of applications. 24, 25 Nanoparticles of cerium oxide containing Ce(III) are of particular interest as potential therapeutics to provide a persistent antioxidant effect in the treatment of a number of medical conditions. [21] [22] [23] [26] [27] [28] [29] [30] [31] [32] In this application it has been found that small irregular nanoparticles of less than 5 nm are most effective, while larger more crystalline particles may be inert or even harmful. The desired small particles are produced by a room temperature synthesis involving the action of excess hydrogen peroxide on cerium(III) nitrate, leading initially to Ce(IV)-containing CeO 2 .
21 However, as excess peroxide decomposes, the high surface to volume ratio and surface oxygen vacancies of very small particles lead to high proportions of Ce(III) in the nal products, driven by particle size. Although conventionally still called nanoceria, these nanoparticles are not simply CeO 2 , nor are they mainly Ce(IV). It is further the case that in the production of biomedical nanoparticles, it is desirable to minimize large excesses of chemical reagents. 6 For the particular case of biomedical cerium-based nanoparticles, the in situ generation of a suspension of nanoparticles, without gross amounts of reagent to remove, is of great interest due to the strong environmental dependency of nanoceria antioxidant activity. 33 Normally, Ce(OH) 3 nanostructures are prepared chemically by the action of large excesses of alkali on solutions of cerium(III) nitrate. 34 Cerium hydroxide, Ce(OH) 3 , is used as a protector in corrosion cells 24 and has been found to be efficient on modulating the redox properties of the protein hemoglobin (Hb) leading to the preferred stabilization of Hb-Fe(II).
25 Ce(OH) 3 is also a precursor to Ce(IV) based nanostructures. In air, Ce(OH) 3 can oxidize to cubic Ce(OH) 4 .
35 Ce(OH) 3 nanoparticles can also be directly oxidized to nanoceria, using either a low-temperature thermal treatment under high oxygen level environment [36] [37] [38] or by reaction with hydrogen peroxide (H 2 O 2 ).
Typical electron doses used in the liquid cell are much greater than doses used in conventional radiation chemistry synthesis. 9 As such, quantitative control of reactions necessitates careful experimentation and interpretation, since the dose can introduce artefacts and be difficult to control. 7, 13, 18, 39 The quasi-2D geometry of a liquid cell provides an ideal scenario for fast diffusion of radicals to the irradiated area 20, 40 and the presence of membranes mainly dictates the location of particles growth, as repeatedly observed experimentally. These extreme conditions provide opportunities for new synthesis and new scientic insights. As an example, in previous work, we proposed using radiation chemistry and high doses in the STEM to visualize breakdown processes and attack mechanisms in situ, relevant to the electrochemical stability of a number of lithium-ion battery (LIB)-electrolyte solutions in the millisecond timescale, 41 while more recently lower dosages outside the STEM have been used to investigate such processes in faster regimes, down to the picosecond time scale.
42,43
Here, we present our results for the formation of nanoparticles from solutions of cerium(III) nitrate conned in an in situ liquid cell and irradiated under very high beam currents. As zero valent cerium is unstable in aqueous solutions, metal clusters cannot be expected. Empirically we found Ce(OH) 3 nanoparticles in the irradiated zone. Interestingly, with regard to the reaction chemistry taking place in solution, the formation of this solid phase from Ce 3+ ions requires a local increase in solution pH (based on the known redox and phase chemistry expressed in the Pourbaix diagram for this system). 23 Hence, the formation of Ce(OH) 3 represents a new observation for radiolytic nanoparticle growth that requires the induced solution chemistry to be different from more conventional redox processes. Here we describe the identication of the Ce(OH) 3 nanoparticles and interpret their formation in terms of a beaminduced increase in pH. Chemical equations are presented whereby hydroxide ions are expected to be generated, entailing initial reduction of Ce 3+ by aqueous electrons, followed by hydrolysis reactions producing OH À , molecular hydrogen and regenerating Ce 3+ . We further support this interpretation with modeling that shows that in contrast to the radiolysis of pure water, where pH becomes more acidic, the radiolysis of solutions containing cerium leads to pH changes in the direction of greater alkalinity.
Experimental
In the experiments performed here, precursor solutions for the in situ TEM investigations were prepared following a procedure described elsewhere. 21 The solution consisted of cerium(III) nitrate (Sigma Aldrich), Ce(NO 3 ) 3 $6H 2 O, dissolved in deionized (DI) water to a concentration of 0.1 mM. The initial pH was measured to be 5.2. Small volumes of precursor solution (0.5 mL) were loaded in the uid cell and conned within two silicon nitride (SN x ) membranes supported on silicon chips and irradiated using a 300 kV electron beam (see ESI † for details on the experimental methods). The chips were subsequently washed with DI water for post-mortem analysis of the reaction products that were deposited on the SiN x membranes.
Results and discussion
In the STEM, the dose rate used for inducing growth can be tuned by setting the beam current, the pixel dwell time and the magnication (irradiation area). Among these parameters, the electron beam current has shown to have the highest impact on formation kinetics of metal particles.
18 First, the effect of changing magnication and pixel-dwell time as a way to tune the electron dose, was investigated for a xed low beam current of 6 pA (in situ experiments not shown) resulting in no apparent particle growth. The effect of beam current on the Ce(III) nitrate solution was subsequently investigated in situ by comparing the low (6 pA) beam current conditions with high (80.5 pA) beam current conditions while keeping the dose rate constant at $3 e À perÅ 2 per frame. We note that the total acquisition time per frame is 3.78 s for all datasets shown in the manuscript; which also accounts for the scan yback time occurring outside the imaging area. As already mentioned, the lowest beam current provided imaging conditions where no in situ growth was observed in the STEM (current of 6 pA, magnication M ¼ 160 000Â, image size of 1024 Â 1024 and pixel dwell time 3 ms).
Real-time observation of particle growth was found for the largest current value of 80.5 pA. Fig. 1 (a) shows images captured during the in situ experiment, where $10 nm sized bright structures grow over time. It is worth noting that, in order to investigate the effect of beam current and make a comparison between in situ experiments we chose to keep the dose rate constant while also keeping unchanged the pixel-dwell time and the number of pixels per image, i.e. the total acquisition time is comparable for the different datasets. The dose variation in this paper was therefore simply achieved by changing the magni-cation of the images (from M ¼ 160 000Â to 40 000Â). Under these conditions, the pixel size was 2.3 nm, which sets a limitation on the precision of in situ measurements we were able to do. Indeed, observation of growth kinetics in the nanometer range was limited (only changes in image intensity of $5 nm, corresponding to approximately twice the size of one pixel would be resolved in the in situ data). Aer disassembling of the cell and rinsing of the chips with DI water, these particles could be resolved on the dried membranes using ex situ high-resolution TEM (HRTEM) Fig. 1 (b) and (c). In irradiated areas where particles were still well-separated, a mean diameter of 2.9 nm was measured with particles size ranging from 1 to 4 nm (particle size distribution is shown in Fig. 1(b) ). The large bright areas in the in situ movie frames in (a) correspond to regions where a higher abundance of nanometric particles was grown ( Fig. 1(c) ). Structural analysis using high-resolution (HR) images and electron diffraction patterns (EDP) of these particles allowed us to identify them as Ce(OH) 3 . See ESI text and Fig. S4 -S6 † for a detailed characterization of the structure and texture of the reaction products. Fig. 2(a) is a HR TEM image of the observed nanoparticles showing coalesced particles with specic zone axis aligned along the observation direction and their corresponding Fast Fourier Transform (FFT) on the bottom right. Notably, the brightest diffraction rings on the FFT of the overall nanocrystalline area, correspond to the (À121), (2À11), (111) and (2À21), (201), (021) family of planes of the hexagonal structure (with nominal spacing of 2.47 and 2.26 angstroms respectively). A detailed analysis of the images covering individual particles revealed an intermediate situation with randomly distributed particles and a preferential orientation conguration where the above-mentioned planes lie parallel to the membrane surface. Besides high magnication images of the reaction products, lower magnied images were taken showing that the irradiated area on the SN x membrane surface was covered with particles that only slightly extended beyond the window forming a "halo" in the closely surrounding area, (see ESI Fig. S1 and S2 † for low magnication images of the irradiated/growth area).
Ex situ high-resolution TEM (HRTEM) images were also taken aer disassembly, rinsing and drying of the chips irradiated only under low beam current conditions of 6 pA, where no in situ growth had been observed. Nanometric crystallites of the cubic uorite structure of ceria and most likely of its isostructural hydroxide (CeO 2 and Ce(OH) 4 , respectively) were found, see Fig. 2(b) . Similar cubic uorite structures of ceria were found on nonirradiated surfaces of disassembled, rinsed, and dried chips from experiments at both the lower beam current of 6 pA and the higher beam current of 80.5 pA. As a control experiment, a solution of the precursor was drop cast on a holey carbon grid, showing that similar particles covered the grids (see ESI Fig. S7 †) . These particles are in all cases precipitates that most likely form by oxidation of Ce 3+ during the rinsing process. We note that the nanocrystalline lms grown during rinsing of the chips are remarkably different from Fig. 1(a) are regions with a large population of spherical particles that have undergone coalescence and reorientation to specific zone axis aligned along the electron beam direction, see particle in indicated area A. (b) Precipitates observed on the SiN x membranes after rinsing the chips with DI water on a region that had been irradiated using 6 pA beam current. The brightest spots in the FFT correspond to the (111) planes of the fluorite structure.
the nanoparticles resulting from the high beam current in situ experiments ( Fig. 1 and 2) . The hexagonal Ce(OH) 3 nanoparticles formed in the beam area at 80.5 pA beam current ( Fig. 2(a) ) are unambiguously distinguishable from cubic (CeO 2 / Ce(OH) 4 ) lms when using 6 pA ( Fig. 2(b) ).
Interestingly, in experiments where the high current was used to generate Ce(OH) 3 , increasing the electron dose per frame from 3 e ÀÅÀ2 to 24 e ÀÅÀ2 , resulted in the previously formed Ce(OH) 3 dissolving back into solution (see Fig. 3 and ESI Movie S2 †). We discuss all these observations next.
Despite the strong potential of in situ experiments to uncover the underlying mechanisms behind nanoparticles growth and their media-dependent stability, an apparent drawback is the lack of information on the pH during the experiment or even aer the observations, since suitable nanoscale pH meters have not been developed yet. To aid with this issue, we introduce the use of simplied Pourbaix diagrams which contain information about the pH-dependent stability and reactivity of relevant species with surrounding redox species. Fig. 4 shows a revised and simplied Pourbaix diagram (E-pH diagram) for cerium calculated for the concentration of soluble Ce species at 0.1 mM used in these experiments (see ESI † for details on the calculations). The diagram shows the domains of existence for solid phases like CeO 2 or hydrated forms like Ce(OH) 4 and Ce(OH) 3 3 , which requires that the local medium become alkaline, and (2) the observation of Ce(IV) precipitates, which requires oxidation. When freshly prepared, the precursor solution at pH 5.2 contains only Ce(III) soluble species, mostly Ce 3+ ions resulting from dissolution of cerium(III) nitrate salt according to the following reaction:
Upon pH increase, Ce 3+ can precipitate into Ce(OH) 3 according to:
The formation of hexagonal Ce(OH) 3 3 by mixing cerium(III) nitrate solutions with excess alkali. 34 As discussed in the ESI, † we note here that the specic pH threshold at which Ce(OH) 3 precipitates (pH > 10.4 in our calculations) as calculated in simplied Pourbaix diagrams would yield a slightly higher or lower value depending on the species considered and on the specic thermodynamic data used from the literature.
The formation of Ce(IV) solids requires oxidation of solution Ce 3+ and a vertical translation on the Pourbaix diagram. In
the presence of dissolved oxygen only -without any other oxidizing species -could lead to precipitation of ceria in solution. As seen in Fig. 4 , Ce 3+ may be oxidized by dissolved O 2 to Ce(IV) species of Ce(OH) 4 or CeO 2 $2H 2 O upon a slight increase of pH to 5.6, (the redox potential of O 2 /H 2 O couple is indeed greater than the one of Ce(OH) 4 /Ce 3+ when the pH is greater than 5.6), explaining the "fragile" stability of Ce(III) ion precursor solutions in this pH range. However, as precipitation is not observed in situ, it is therefore more likely that the ceria precipitates formed upon washing and drying in air.
44,45
The formation of Ce(OH) 3 by electron beam irradiation stands in contrast to conventional radiation-induced growth experiments that generally aim at promoting a reducing environment for metal nanostructure growth by adding scavengers for the OHc radicals in water. 8, 46 An alternative that we have explored in previous work is selecting a solvent that creates only 1 using more recent thermodynamic data on cerium species 2 and computed here for a concentration of soluble Ce species of 0.1 mM. Ce(IV) tri-hydroxo and Ce(III) mono-, dihydroxo complexes were not considered. reducing species with no need of scavenging additives. 20 In the present research, as seen in Fig. 4, the an overall "unexpected" increase in pH:
Assuming an initial solution with an abundance of Ce 3+ among the Ce-species (initial pH 5.2), Ce(IV) can be produced by the direct scavenging of OHc radicals by the Ce 3+ ions (eqn (3)) in solution; with Ce(IV) representing Ce(OH) 4 precipitates and [Ce(OH) 2 ] 2+ soluble species, the ratio of which increases with pH. Ce 3+ can be reduced directly to metallic cerium, Ce 0 , by scavenging of e aq À with highly negative redox potential E 0 ¼ À2.9 V vs. SHE. 47 However, Ce 0 will spontaneously react with water leading to production of OH À and hydrogen gas as shown on eqn (4) and (5). It is worth noting that, radiolytic synthesis of Ce metal nanoparticles is not possible in aqueous solution because of the instability of Ce 0 in water, the same as for Li 0 and Na 0 (E Ce 3+ /Ce is highly negative). Note also that, eqn (4) and (5) together constitute a catalytic cycle, where Ce 3+ catalyzes the conversion of aqueous electrons to hydroxide, which could alone explain the local pH rise. As the presence of Ce(IV) increases, from the oxidation reaction on eqn (3), Ce(IV) will compete favorably with Ce 3+ for the reaction with e aq À . In fact, the rate constant for the rst reduction step of Ce 3+ (eqn (4)) is k
for the reduction reaction of Ce(IV) (eqn (6)). 49 This means that any Ce(IV) generated by oxidation of Ce(III) with OHc should be rereduced to Ce(III) by aqueous electrons. Overall (eqn (3)- (6)), this means that the combined effect of OHc and e aq À on the cerium species can contribute to an increase in pH -through an increase in the concentration of OH À ions -provided that reaction (6) is kinetically favored, and the catalytic cycle of eqn (4) and (5) is occurring. Additional increase of the pH might originate from the presence of nitrate ions, NO 3(aq) À , in the solution and the proximity of the membranes (see details of these reactions S1 and S2 and their possible activation pathways in the ESI †). The electron beam is able to produce a measurable "local drop" of the deposition potential, as has been observed in in situ electrochemical experiments. 50 This effect of the electron beam at the membranes, together with a high local concentration of aqueous electrons and nitrate ions could activate additional chemical pathways which might contribute to the local increase of pH [51] [52] [53] as has been proposed elsewhere and detailed in the ESI. † In order to demonstrate the viability of the mechanism proposed (eqn (3)- (6)) as a way to raise the pH in situ, computer modeling of the radiation-induced changes 9 to both: aqueous solutions containing Ce-species including relevant redox reactions and to pure DI water as a comparison were performed (see ESI † for details on the calculations and a complete list of reactions and results). The radical concentrations have been estimated using a reaction-diffusion model that has already proven useful for explaining in situ trends in the TEM by considering all species present during the experiment. 40 The model takes into account the production of radiolysis species in the irradiated area, the effect of reverse reactions and the diffusion of species outside the irradiated area. The model doesn't take into account diffusion of species into the irradiated area and the effect of membranes. STEM radiation conditions have been approximated by considering an irradiation volume of a static single pixel volume. As expected for pure DI water, 9 the trend observed in pH evolution upon electron beam irradiation is a decrease of pH which is more pronounced for extended time periods (see Fig. 5 ) and for higher doses (see ESI Fig. S7 †) . Modeling results that included the effect of Ce-species are also shown in Fig. 5 . In contrast to pH decreases for pure DI water, solutions containing cerium ions are observed to increase their pH, becoming alkaline within a millisecond of constant irradiation. In the simulation, the pH rises to a plateau around 7.23. It is worth noting that although the model used for the calculations qualitatively show the trends proposed, i.e. that an increase of pH is possible by the combined effect of the Ce- for DI water (left) and for a solution considering eqn (3)- (6), right.
Further details on these calculations are given in the ESI. † species radiolysis in aqueous solution, a quantitative match with results was not expected due to the important approximations that these calculations made, such as neglecting the effect of membranes or assuming a closed system with no interexchange of species. We also note that for the particular case of STEM irradiation, interdiffusion will be higher and that the irradiation time (pixel dwell time is in the microsecond time scale) is just at the limit between the inhomogeneous and homogeneous kinetic regimes, which might lead to higher calculation errors. This qualitative agreement rather than a quantitative match is nevertheless consistent with previous modelling efforts using TEM irradiation, where in situ phenomena and general trends have been explained by incorporating in the calculations relevant chemical equations involving the solutes and not only the radiolysis of the solvent. 9, 40 We believe that also for the case of STEM, these radiation chemistry models can be informative, and greatly aid in the interpretation of new phenomena and dynamic mechanisms observed.
The apparent stability of the very small nanometric Ce(OH) 3 particles in the time frame of our experiments is also of interest. One might expect either re-dissolution to Ce 3+ or oxidation to 34 Instead, Ce(OH) 3 in the small particle sizes and under conditions of this experiment appear to be chemically stable. Absorbed species, such as nitrate ions, could promote particle stabilization, as previously observed in the stabilization of suspensions of nanometric ceria particles. 54 Large electron beam currents might promote the rapid incorporation of ions within the particles during direct irradiation, as compared to lower beam currents. In the eld of biomedical nanoceria, it has been shown that very small particles of CeO 2 in the 2-5 nm range generated by oxidation with hydrogen peroxide relax to particles containing predominantly Ce(III) when the peroxide has decayed away; this preference for Ce(III) is attributed to small size and surface oxygen vacancies. In any case, the observed nanoparticles, like biomedical nanoceria, containing cerium and oxygen, are in the 2-5 nm range, and are predominantly Ce(III).
The formed particles have been observed to re-dissolve into solution when an eight-fold increase in the electron dose rate is performed in situ while keeping the high beam current conditions (Fig. 3) . This increase in electron dose rate is achieved by increasing the magnication (decreasing the irradiation area). We don't believe this process is due to either knock-on damage (energy was kept constant) or to further radiolysis damage of the solution for the reasons discussed above on particles stability aer formation has been achieved. We speculate that a different characteristic critical dose might have been surpassed, in this case related to the solid particle. For solid specimens, bond breakage can result in radiolytic decomposition, or mass loss, with a subsequent shrinkage of the specimen. 55 By increasing magnication, and thus reducing the area where the beam is rastered, the fraction of broken bonds can be rapidly increased.
Conclusions
In summary, using a uid stage in combination with STEM, we have observed the formation of cerium oxide nanoparticles Ce(OH) 3 , starting from slightly acidic precursor solutions. Under the initial conditions of the experiment at pH 5.2, Ce(OH) 3 is thermodynamically unstable, according to Pourbaix diagrams 1,2 and Ce(III) should instead be dissolved as Ce (aq) 3+ .
Ce(OH) 3 is expected to be a stable solid phase only under alkaline conditions. Nevertheless, Ce(OH) 3 nanoparticles were identied in these experiments. A cascade of radiolytic and chemical reactions induced by the electron beam, involving cerium species in addition to water molecules, is proposed to induce a local pH increase as required for growth of Ce(OH) 3 . Reduction of Ce (aq) 3+ to zerovalent cerium followed by hydrolysis provides a catalytic mechanism for generating hydroxide ions. Modeling supports the premise that irradiation of Ce (aq)
3+
will lead to pH increases rather than the pH decreases conventionally seen upon irradiation of water. Metal oxide nanoparticles formed under radiolytic conditions and reported in previous works arose primarily from redox reactions, while zero valent metal nanoparticles also resulted from reduction reactions. 6 The new results reported here are consistent with a mechanism for nanoparticle formation under electron beam irradiation based on a radiolytically-induced pH change in the presence of Ce (aq) 3+ .
